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Abstract
Purpose  This systematic review and meta-analysis aims to assess the impact of different doses of Ca, P, and vitamin D on 
bone mineralization in premature infants.
Methods  A systematic search (1990–2022) of MEDLINE (Ovid), Cochrane Library, Scopus, EMBASE, and CINAHL 
(EBSCO) was conducted. Randomized control trials and cohort studies, involving premature infants with birthweight ≤2.5 
kg, who received supplementation and underwent bone mineral content reassessment, were included. Impact on growth 
indicators was also evaluated, but not systematically. Following the critical evaluation process, using PEDro scale and JBI 
critical appraisal checklist, high-quality studies were reviewed. Random effect meta-analyses (standardized mean difference) 
were performed to assess the effect of increased doses of Ca, P, and Vitamin D on bone health indicators.
Results  Eighteen studies were included, fifteen with enteral and three with parenteral nutrition regimen. The included 
studies’ mineral intake ranges presented high heterogeneity. The beneficial effect of higher doses of Ca and P on bone min-
eralization was evident in most studies, and unanimous when accompanied with higher doses of vitamin D, indicating the 
synergist effect of the three elements. Higher enteral nutrition doses of (a) Ca and P or (b) Ca, P, and vitamin D resulted in 
increased bone mineralization (standardized mean difference: 0.39; 95% CI 0.09, 0.69, and 1.72; 0.81, 2.16), respectively, 
while higher supplementation of only vitamin D presented no such effect (−0.01; −0.59, 0.56). Higher parenteral nutrition 
doses of Ca and P proved beneficial for bone mineralization (0.88; 0.34, 1.43). Higher enteral doses of all elements indicated 
no additional effect on growth.
Conclusions  Elevated intake of Ca (daily doses: Ca 95–135 mg/100 kcal) and P (55–95 mg/100 kcal) throughout enteral 
nutrition together with sufficient vitamin D intake might prove beneficial towards enhancing bone mineralization in preterm 
infants.
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Introduction

Prematurity can increase the risk of poor bone health 
and developing metabolic bone disease (MBD), by miss-
ing the last months of rapid mineral accretion [1]. World 
Health Organization (WHO) defines prematurity as gesta-
tional age less than completed 37 weeks [2], and classifies 
birthweight as low birthweight (LBW) <2500 g, very-low 
birthweight (VLBW) <1500 g, and extremely-low birth-
weight (ELBW) <1000 g [2]. MBD, a bone strength disor-
der, is characterized by abnormalities of phosphorus (P), 
calcium (Ca), and vitamin D homeostasis and reduced 
bone mass and structure [1], and is expected to present in 
16–40% of VLBW and ELBW infants [3, 4]. Even if MBD 
development is avoided, the effect of low birth weight and 
potentially poor bone health at birth due to prematurity 
can impact the quality of life and bone health for several 
years after birth [5, 6].

Suboptimal Ca and P intake can contribute to insuffi-
cient bone mineral density (BMD), a precursor to prema-
turity-attributed MBD [7], while insufficient Vitamin D 
intake can further diminish bone density and bone mineral 
content (BMC) of Ca and P. Therefore, adequate intake 
of these elements is suggested for primary prevention of 
MBD, administered through intravenous route, feeding 
tube or orally (breastmilk, fortified human milk, and for-
mula) [8]. Magnesium also plays a fundamental role in the 
bone matrix structure, but during prematurity, its role is 
substantially less important [9].

The recommended supplementation of Ca, P, and vita-
min D in premature infants vary among health organiza-
tions. In particular, the European Society of Paediatric 
Gastroenterology, Hepatology, and Nutrition (ESPGHAN) 
suggests an enteral nutrition (EN) intake of Ca: 120–200 
mg/kg/day and P: 70–115 mg/kg/day [10]. In contrast, the 
American Academy of Pediatrics (AAP) recommends an 
intake of Ca: 180–220 mg/kg/day and P: 100–130 mg/
kg/day, mainly through fortified breast milk and preterm 
formula [11]. Vitamin D recommendations also vary; 
ESPGHAN has recently changed its recommendation from 
800–1600 IU/day to 400–700 IU/kg/day with a maximum 
dose of 1000 IU/day, while AAP recommends 400 IU/day 
for LBW infants and 200–400IU/day for VLBW infants 
[10, 11]. As for the Parenteral Nutrition (PN), the range 
of these nutrients recommended doses (ESPGHAN) are 
smaller for calcium and higher for vitamin D [12, 13].

A recent systematic review [14] examined the various 
formulas’ effect on growth and bone mineralization in pre-
maturity but not the exact doses of each mineral. To cover 
the literature gap, we aimed to systematically define the 
most beneficial doses of Ca, P, and vitamin D in premature 
infants with non-optional birthweight, comparing different 

doses (EN and PN). Secondary objectives were to assess 
the effectiveness of those elements on weight, length, and 
head circumference.

Methods

Registration

The review was conducted in accordance with the PRISMA 
statement [15]. The review protocol was registered with 
the International prospective register of systematic reviews 
(PROSPERO); registration number: CRD42022321481 
(4/14/2022).

Inclusion criteria

Participants: Infants born prematurely (<37 weeks), with at 
least LBW (<2.5 kg) [16]. Despite MBD being more likely 
to develop in VLBW infants, we included infants of LBW as 
well, to assess the outcome of bone health in high-risk pre-
mature infants. Studies with a sample of only MBD infants 
or other diseases affecting the elemental/vitamin metabo-
lism, like kidney disease, were excluded.

Intervention: Studies that use supplementary/higher doses 
of Ca, P, and/or vitamin D administered through EN (pre-
term infant formulas or expressed breast milk) or PN.

Comparator: Control group with no supplementation or 
lower doses of Ca, P, and/ or Vitamin D.

Main outcomes: Bone mineralization evaluated by dual-
energy X-ray absorptiometry (DXA), speed of sound (SOS), 
or bone transmission time (BTT), an inexpensive accurate 
measure of organic matrix and BMC [8]. Serum biochemi-
cal biomarkers (ALP, Ca, P) were excluded for not being 
specific MBD predictors and accurate measures of BMC in 
prematurity [8]. Measurements taking place until 24 months 
of life were included because bone mineralization could still 
be increased during this time frame [17].

Secondary outcomes: Weight gain, length accrual (meas-
ured by electronic baby scale and infant measuring, respec-
tively), and head circumference (by flexible non-stretch 
tape). These outcomes were not inserted into the search 
strategy and were not systematically assessed.

Type of studies: Randomized control trials (RCTs) and 
prospective or retrospective cohort studies. Conference 
abstracts and expert opinions were excluded.

Search strategy

Scientific databases searched included MEDLINE (Ovid), 
Cochrane Library, Scopus, EMBASE, and CINAHL 
(EBSCO). The search terms used are presented in Fig. 1.
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Publication dates were limited between January 1990 
and April 2022, without language restriction. Other 
sources searched include Clini​calTr​ials.​gov, theses, 
conference abstracts, OpenGrey, Google Scholar, and 
World​WideS​cience.​org. A full search strategy example 
for Ovid MEDLINE database is shown in Supplementary 
Table 1.

As the institutional full-access to these databases was 
restricted following April 2022, an update bibliographic search 
in COCHRANE Library and PUBMED, an interface used to 
search MEDLINE(Ovid), was performed (1/April/2023–1/
March/2023), amounting to 314 manuscripts, of which none 
satisfied study selection criteria. These searches are not included 

in the PRISMA flowchart, but are included In Supplementary 
Table 2.

Study selection

Two independent reviewers conducted the study selection 
to minimize the study inclusion bias. Articles retrieved 
were uploaded to Rayyan software for screening, and 
duplicates removal [18]. Following a pilot screening test, 
if an article was judged as relevant by the title and abstract, 
full-text was retrieved, unless it was retracted, unavailable, 
or a conference abstract. Reference lists of included stud-
ies were hand-searched. A PRISMA flow diagram provides 
visual mapping of the search strategy (Fig. 2) [15, 19].

Fig. 1   Literature search terms
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Fig. 2   PRISMA flow diagram
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http://worldwidescience.org
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Assessment of methodological quality

Methodological quality was assessed through PEDro Scale 
for RCTs and JBI critical appraisal checklist for cohort stud-
ies by two reviewers [20–22]. PEDro scores were categorized 
as “poor” (0-3) “fair” (4-5), “good” (6-8), and “excellent” 
(9-10), a classification advised but not yet validated [21]. If 
an RCT scored ≥7, or a cohort scored ≥8 (answer “yes”), it 
was included and imported into data extraction [22].

Data extraction

Both reviewers used a standardized JBI data extraction 
form. To ensure consistency and validity, the following 
details were extracted: research details, participants’ char-
acteristics, intervention details (doses, type, and duration 
of administration and follow-up), outcomes assessed (bone 
health indicators, weight, length, and head circumference), 
and key findings.

Ca, P, and vitamin D content was translated to an aver-
age mg or IU per 100 kcal, whenever studies provided data 
on mean/exact volume intake. If not, the average mg or IU 
content per 100 kcal was calculated. Cross-calculations in 
human breast milk utilized the average content of kcal, Ca, 
P, and vitamin D content, as indicated by Kim and Yi [23]. 
Whenever median and IQR were presented, if there was 
some evidence of normal distribution, median was translated 
to mean (approximately equal) and IQR to SD, following the 
equation SD = IQR/1.35 [24].

Data synthesis and meta‑analysis

Data synthesis followed a narrative presentation. Ran-
dom effect meta-analysis was performed, categorizing the 
included studies into three categories: (A) higher Ca and 
P doses (not vitamin D); (B) higher Ca, P, and vitamin D 
doses; and (C) only higher vitamin D doses among groups. 
As there was inconsistency in the measured outcome (i.e., 
BMC measured in g and BMD in g/cm or g/cm2, or g/cm3) 
and in the method used to evaluate the same effect (i.e., 
BMC, BMD, SOS), a random effect standardized mean dif-
ference model was created for the included studies [24]. 
Additional models are presented in the supplementary 
material. The RevMan 5.4 software was used to perform 
the meta-analyses.

Results

Identified studies

The literature search yielded 1775 results (Fig. 2). After 
duplicate removal, screening, and hand search of citations 

and references, 20 full-text publications of 133 full-text 
screened were deemed eligible for inclusion, after meth-
odological evaluation (Fig. 2). Faerk et al. [25] and Van 
de Lagemaat et al. [9] have published pertinent or dupli-
cate results in later publications, which were excluded (the 
duplicates), resulting in 18 included studies (16 RCTs, one 
retrospective cohort, one prospective cohort study). Charac-
teristics and key findings of included studies are presented 
in Table 1.

Assessment of bias

The methodological quality of the RCTs was considered 
either excellent (n = 9), or good (n = 8). Both cohort stud-
ies scored 8 “Yes,” and were classified as excellent or good 
(Table 2).

Participant characteristics

The total number of participants was 991 (263 boys, 249 
girls, and 479 unidentified sex). Mean gestational age ranged 
from less than 28 to 34 weeks. Birthweight of premature 
infants varied. The vast majority of the included sample 
included premature infants of less than 1500 g (VLBW), as 
most studies included only VLBW (9/18), mostly VLBW 
(7/18) or mostly LBW (2/18).

Doses of minerals and vitamin

Included studies, presented at least one comparator group, 
with higher administration dose of minerals (HGs), com-
pared to the control groups or LGs. Ca and P administra-
tion (varying doses) was examined in 13 studies, with the 
HG dose in EN regimens including an average of 73–204 
mg/100 kcal Ca and 49–105 mg/100 kcal P, and the LGs 
including 23–99 mg/100 kcal Ca and 20–63 mg/100 kcal P. 
In two PN regimens, the HG dose included an average range 
of 73–94 mg/100 kcal Ca and 43–87 mg/100 kcal P, and the 
LGs including 44–69 mg/100 kcal Ca and 25.8–62 mg/100 
kcal P. In two studies either milk, bank or formula average 
volume was not reported [25] or only the supplemented par-
enteral doses were reported [26].

Vitamin D administration varied in 4/12 studies, with the 
daily enteral supplementation in the HG ranging from 800 to 
1000 IU and in the LG from 200 to 500 IU. In 7/12 studies, 
the intervention group received enriched formula contain-
ing approximately 215 IU/100 mL, while the control group 
received a standard formula containing approximately 130 
IU/100 mL. Koo et al. [27] compared the effectiveness of a 
nutrient-enriched formula containing 80IU/kcal with a term 
formula containing 60 IU/kcal.
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Type of administration

Only 3 studies followed PN regimens. Eleven studies admin-
istered the minerals and vitamins via enteral formulas, 2 via 
mother’s milk fortifier and 2 via preterm formula or breast 
milk fortifier.

Follow‑up duration

The key outcome of bone health indicator was assessed at 1 
month of life (n = 4 studies), 2 months (n = 3), 3-4 months 
following the start of the intervention (n = 3), following 6 
months (n = 4), following 9 months (n = 1), or at 12 months 
(n = 3).

Main outcomes on bone mineral content

Studies combining elevated Ca, P, and vitamin D and BMC

All 7 studies on EN in which Ca, P, and vitamin D intake 
was higher in HG, presented significant differences in BMC. 
Average BMC was higher in HG after various durations of 
follow-up: between discharge and expected term (HG: 53.6 
± 21.7 g, LG: 38.9 ± 17.7 g, p = 0.037) [28] at hospital dis-
charge (age adjusted: HG: 42 ± 4 mg/cm, LG: 31 ± 5 mg/
cm, p = 0.002) [29] 4 months after inclusion (HG: 104.4 
± 29.2 g, LG: 87.5 ± 17.1 g) (p = 0.01) [30], 6 months 
after term age (p < 0.05) [9], and at 3 and 9 months after 
discharge (9 months mean difference: 26.8 mg/cm, 95%CI: 
13.2, 40.4) [31]. In one study, BMC was reported to differ 
between HG and LG at 8 weeks after discharge (p < 0.001), 
but not at 16 weeks [32]. Only one study found significantly 
higher BMC in LG at 12 months of age [27].

Studies combining elevated Ca and P (non‑varying vitamin 
D) and BMC

Among the 4 studies, 2 EN and 2 PN regimens, in which 
only Ca and P were higher in HG, and not vitamin D, the 
effect on BMC was less consistent. Only in two studies, a 
positive effect was evident in both boys and girls on PN 
(HG: 2.7 ± 0.6, LG: 2.0 ± 0.50 mg/cm/week, p = 0.025) 
[33] or just in boys on EN regimens (significant BMC gain: 
BMM, HG: 202 ± 35g, LG: 186 ± 23g, p < 0.01) [34]. In 
contrast, in one EN study, BMC remained similar among the 
two groups, 2 months after the study initiation (p > 0.05) 
[35]. A tendency of difference in BMC was visible among 
infants receiving own mothers milk and those receiving PF 
(p = 0.05), but after some adjustments the difference was not 
significant (p = 0.68) [25].X

 tr
an

sl
at

es
 to

 y
es

/th
e 

qu
es

tio
n 

w
as

 a
ns

w
er

ed
 p

os
iti

ve
ly

 a
nd

 su
ffi

ci
en

tly
. O

nl
y 

RC
Ts

 w
ith

 sc
or

e 
hi

gh
er

 th
an

 7
 a

nd
 c

oh
or

t s
tu

di
es

 w
ith

 sc
or

e 
at

 le
as

t 8
 a

re
 sh

ow
n

*E
lig

ib
ili

ty
 c

rit
er

ia
 d

o 
no

t c
ou

nt
 to

w
ar

ds
 th

e 
fin

al
 sc

or
e 

fo
r R

C
Ts

Ta
bl

e 
2  

(c
on

tin
ue

d)

PE
D

RO
 sc

al
e 

M
ai

n 
au

th
or

, 
ye

ar

El
ig

ib
ili

ty
 

cr
ite

ria
R

an
-

do
m

ly
 

al
lo

ca
te

d 
sa

m
pl

e

A
llo

ca
tio

n 
co

nc
ea

lm
en

t
Si

m
ila

r 
ba

se
lin

e 
ch

ar
ac

te
r-

ist
ic

s

Su
bj

ec
t b

lin
d-

in
g

Th
er

ap
ist

s 
bl

in
di

ng
A

ss
es

so
rs

 
bl

in
di

ng
K

ey
 o

ut
co

m
es

 
av

ai
la

bl
e 

fo
r 

>
85

%
 p

ar
tic

i-
pa

nt

A
ll 

ou
tc

om
e 

av
ai

la
bl

e 
fo

r 
al

l p
ar

tic
i-

pa
nt

/ i
nt

en
-

tio
n 

to
 tr

ea
t 

an
al

ys
is

B
et

w
ee

n 
gr

ou
p 

co
m

-
pa

ris
on

s

Po
in

t a
nd

 
va

ria
bi

lit
y 

m
ea

su
re

s

To
ta

l s
co

re
*

JB
I C

rit
ic

al
 

A
pp

ra
is

al
 

C
he

ck
lis

t 
fo

r C
oh

or
t 

St
ud

-
ie

s M
ai

n 
au

th
or

, y
ea

r

Si
m

ila
r 

po
pu

la
tio

n 
gr

ou
ps

Sa
m

e 
ex

po
-

su
re

 
m

ea
s-

ur
e-

m
en

ts

Ex
po

su
re

 
m

ea
su

re
d 

in
 v

al
id

 a
nd

 
re

lia
bl

e 
w

ay

C
on

-
fo

un
d-

in
g 

fa
ct

or
s 

id
en

ti-
fie

d

St
ra

te
gi

es
 to

 
de

al
 w

ith
 

co
nf

ou
nd

er
s

Pa
rti

ci
pa

nt
s 

fr
ee

 o
f t

he
 

ou
tc

om
e 

at
 

ba
se

lin
e

O
ut

co
m

es
 

m
ea

su
re

d 
in

 a
 v

al
id

 
an

d 
re

lia
bl

e 
w

ay

Fo
llo

w
 u

p 
w

as
 su

f-
fic

ie
nt

Fo
llo

w
 u

p 
co

m
pl

et
e/

if 
no

t r
ea

so
ns

 
ad

dr
es

se
d

St
ra

te
gi

es
 

to
 a

dd
re

ss
 

in
co

m
pl

et
e 

fo
llo

w
 u

p

A
pp

ro
pr

i-
at

e 
st

a-
tis

tic
al

 
an

al
ys

is

To
ta

l s
co

re

Sc
ha

nl
er

 
et

 a
l.,

 1
99

5
X

X
X

X
X

X
X

X
8

A
lp

ay
 e

t a
l.,

 
19

98
X

X
X

X
X

X
X

X
8



	 Nutrire (2023) 48:48

1 3

48  Page 16 of 20

Vitamin D and BMC

Out of the three EN studies, in which only vitamin D intake 
differed (not Ca or P), only one study resulted in a beneficial 
effect in BMC. This study [36] presented a higher propor-
tion of infants in the HG (HG: 800 IU/day, LG: 400 IU/day) 
having BMC measurements <10 percentile at 8 weeks (p = 
0.04). The remaining two studies found no difference (p > 
0.05) at 3 [37] and 6 months [38].

Main outcomes on BMD and SOS

BMD was increased in infants receiving higher doses of Ca, 
and/or P and/or vitamin D after 4 weeks of follow up (HG: 
0.13 ± 0.01 mg/cm2, LG: 0.10 ± 0.02 mg/cm2, p < 0.001) 
(22), 6 months after term age (HG: 0.221 ± 0.028 g/cm2, 
LG: 0.198 ± 0.019 g/cm2) and after 10 weeks of life (HG: 
0.198 ± 0.018, LG: 0.144 ± 0.013 g/cm2, p < 0.001) [39].

Regarding SOS measurements, two studies found contra-
dicting results regarding EN and PN, as SOS measurements 
were higher in HG at 6 weeks in one study following a PN 
regimen (HG: 2 959 ± 123 m/s, LG: 2 853 ± 139m/s, p = 
0.011) [40], but not at 6 weeks in another study following 
a EN regimen (HG: 3 032 ± 60 m/s, LG: 2 978 ± 83 m/s, p 
> 0.05) [41].

Analysis of administered dosed in light of bone 
mineralization improvement

Ca administration across EN studies effective at improving 
bone health indicators ranged between 97 and 136 mg/100 
kcal. When doses of 192 against 82 mg/100 kcal were exam-
ined [32], BMC did not differ at 16 weeks. P administration 
in HGs across effective EN interventions displayed high 
variance: 49–94 mg/100 kcal. Among them, some compared 
doses in the higher end of this range (in HGs) with those 
at the lower end (in LGs), with range 57–94 mg/ 100 kcal, 
which were effective at improving bone health indicators 
[9, 28–30]. Studies on PN or vitamin D administration were 
fewer, limiting the discussion of the administered doses.

Meta‑analyses

The meta-analysis model assessing the beneficial effect of 
(A) higher Ca and P doses (not vitamin D); (B) higher Ca, 
P, and vitamin D doses; and (C) higher vitamin D doses 
among groups can be found in Fig. 3. Four studies did not 
present or the exact average BMC or BMD, with the corre-
sponding variance could not be calculated and thus were not 
included in the models. Higher doses of Ca and P resulted in 
increased bone mineralization for both EN and PN studies, 
with the effect being more evident for PN studies (stand-
ardized mean difference: 0.88; 0.34, 1.43 with I2 = 0%), 

than EN (0.39; 0.09, 0.69 with I2 = 0%). After combining 
the EN and PN results, a clear benefit of higher Ca and P 
doses was evident for bone mineralization (0.51; 95% CI 
0.24, 0.77 with I2 = 0%). A similar effect on EN was higher 
in premature infants receiving higher doses of all three ele-
ments (1.72; 0.81, 2.16), although high heterogeneity was 
noted (I2 = 90%, p < 0.0001). Higher intake of vitamin D 
through EN (but not Ca or P) did not result in increased bone 
mineralization (−0.01; −0.59, 0.56 with I2 = 53%). Higher 
doses of Ca and P, regardless of vitamin D doses, predicted 
an increased bone mineralization (EN: 1.18; 0.67, 1.69 with 
I2 = 85%) (Supplementary Figure 1).

Growth indicators

Growth indicators were measured only in EN studies. 
Regarding weight, only in 4/13 studies, did higher doses of 
Ca, P, and/or vitamin D present a positive effect on weight 
gain [25, 28, 30, 34], while another study provided evidence 
of an opposite effect [27] (Table 1). In 8/13 studies, weight 
values remained similar among feeding groups [9, 29, 32, 
35–38, 41]. Length gain did not differ in 8/11 studies [9, 
25, 28, 32, 35, 37, 38, 41], while two indicated significantly 
higher gain in HGs [30, 36] and one in LGs [27]. Head cir-
cumference presented similar values across 7/9 studies [25, 
27, 28, 35–37, 41]., with only two suggesting a favorable 
effect in HGs [30, 38].

Discussion

Summary of key results

In a sample of mostly VLBW premature infants, we found 
that the overall effect of higher doses of Ca and P on bone 
mineralization in premature infants is likely positive, while 
higher dose of vitamin D on its own is unlikely to be ben-
eficial in increasing BMC. The effect of higher doses of 
all three components was almost unanimous in augment-
ing BMC. The current meta-analysis has confirmed the 
aforementioned, and suggest that higher doses of Ca and P 
administered either through EN or PN can ameliorate the 
diminished bone mineralization in premature infants. The 
beneficial effect of higher EN doses of Ca, P, and vitamin 
D on weight, length, and head circumference of premature 
infants is improbable. Our findings suggest that premature 
infants receiving EN or PN may benefit from increased 
doses of Ca and P. According to the studies included in our 
review, to ensure an adequate bone mineralization, a benefi-
cial enteral dose may be in the range of Ca: 95–135 mg/100 
kcal and P: 55–95 mg/100 kcal, accompanied by sufficient 
doses of vitamin D
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Ca and P in bone health

AAP recommends 140–160 mg/100 kcal Ca and 95–108 
mg/100 kcal P [11], administered through fortified human 
milk or preterm formula, while ESPGHAN recommends EN 
doses of 70–140 mg/100 kcal Ca and 50–82 mg/100 kcal P 
[10, 42]. Hence, ESPGHAN recommendations are more in 
line our findings. However, we could not assess the effective-
ness of AAP recommendations with certainty as only one 
study included ranges of doses supported by AAP. For PN 
solutions, as supported by our meta-analysis, the ideal doses 
of these minerals might be lower, since minerals are directly 

available for bone mineralization and tissue accretion and 
thus present better absorption [43].

Vitamin D in bone health

Apart from infants with extremely low BMC at baseline, 
vitamin D alone could not improve bone mineralization, 
even when accounting for various ranges of administration. 
Clinical organization presents disparities regarding the rec-
ommended doses, as the European guidance support higher 
doses (up to 1000 IU/day) [10] to ensure high Ca absorption 
[44], while AAP support lower doses (400 IU/day) [11] to 

Fig. 3   Forest plots of com-
parison: the outcome of higher 
compared to lower doses of 
Ca, P, and/or vitamin D in 
bone mineralization. Footnote 
for all figures: All included 
studies evaluated BMC, apart 
from Cooke 1999 and Alpay 
1998 (BMD), and Pereira-da-
Silva 2011 and Litmanovitz 
2007 (Bone SOS). As outcome 
measures differed, but all was 
indicative of bone mineraliza-
tion, the standardized mean 
difference random effect models 
were used. BMC, bone mineral 
content; BMD, bone mineral 
density; SOS, speed-of-sound; 
95% CI, 95% confidence 
interval

(A1) Different doses of Ca and P (but non-differen	ated vitamin D) (only Enteral Nutri	on regimens)

(A2) Different doses of Ca and P (but non-differen	ated vitamin D) (only Parenteral Nutri	on regimens )

(A3) Different doses of Ca and P (but non-differen	ated vitamin D) (Enteral and Parenteral Nutri	on regimens )

(B) Different doses of Ca, P and vitamin D (only Enteral Nutri	on regimens )

(C) Different doses of vitamin D (but non-differen	ated Ca and P) (only Enteral Nutri	on regimens )
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prevent conditions such as hypercalcemia, hypercalciuria, 
and nephrocalcinosis [45].

Growth indicators

Elevated doses of Ca, P, and/or vitamin D might not influ-
ence growth indicators improvement. Significant findings 
across studies may be attributed to disparities in energy and 
protein intake or the limited capability of preterm infants to 
regulate their energy intake [28, 34]. Nevertheless, a sys-
tematic review has noted that 800–1000 IU/day of vitamin 
D may benefit length gain and head circumference [46]. As 
this study did not systematically search growth indicators, 
we believe that this review’s findings [46] present higher 
validity.

Limitations and strengths

High heterogeneity regarding the doses of minerals and vita-
mins, administration type, intervention and follow-up dura-
tion, age, birthweight, and outcomes reported was present. 
The administered nutrients forms were stated only in limited 
studies, with gluconate Ca, glycerophospate, and hydroxyl-
vitamin D being the most common. Therefore, we could 
not identify the precise doses and forms of the examined 
nutrients. The total amount of administered nutrients, and 
in particular of vitamin D, was lower than the recommended 
ranges in most studies, limiting the credibility of our find-
ings, regarding the effect of higher doses on bone miner-
alization. Studies following a PN regimen, although highly 
effective, were limited (3), and therefore, no mineral range 
was provided. Additionally, the meta-analysis combining the 
results of both EN and PN regarding Ca and P administered 
doses has significant limitations related to the core differ-
ences of EN and PN, in terms of administration routes and 
absorption rate. However, by simultaneously accounting for 
the effect of elevated does of Ca and P in both EN and PN 
(Figure 3)A3, we were also able to provide clear indications 
about the well-known beneficial effect of these nutrients on 
bone mineralization, regardless of the feeding regimen. 
Biochemical markers of metabolic bone disease, which can 
provide crucial early signs of MBD, such as serum bio-
chemical biomarkers (ALP, Ca, P), were not assessed as 
primary outcomes in our study since they are not specific 
MBD predictors or exact measures of BMC in prematurity 
[8]. Analyzing the effect on bone mineralization based on 
these indicators as outcome measures may prove challeng-
ing due to the difficulty in incorporating these results into 
meta-analysis models and as they are often not considered 
the best option for diagnostic purposes but primarily for 
predicting poor bone health in the hospital setting or pri-
mary prevention. We chose to only include measurements 
with less variation attributed to human or device errors and 

focused mainly on measurements obtained from gold stand-
ard methods. Finally, growth indicators as outcomes were 
not systematically reviewed.

Conclusion

The identified studies suggested a possible beneficial effect 
of supplementary doses of Ca (EN: 95–135 mg/100 kcal) 
and P (EN: 55–95 mg/100 kcal) on bone mineralization 
among preterm infants. Vitamin D can enhance the benefi-
cial effect of these minerals. Disparities in the recommended 
doses of minerals and vitamins can introduce challenges 
across neonatal units. This review identifies potential areas 
for further research, including the use of specific formulas 
for administration of Ca, P, and vitamin D; the monitoring of 
formula intake from parents or caregivers; and the establish-
ment of the optimal duration of supplementation.

Supplementary Information  The online version contains supplemen-
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